This paper presents a model demonstrating the concept of a constant force restraint (CFR) system for frontal collisions. A three-bodied dynamic model of a 50th percentile anthropometric test dummy (ATD) in a 35 mile/h frontal collision was made using Lagrangian dynamics and verified with test data from the NHTSA. The model was used to compare viscoelastic and constant force seatbelt models in a 1998 Chevy Malibu. The viscoelastic seatbelt simulation was able to reproduce accurately the shape and magnitude of pelvis, chest, and head accelerations when compared to test data. The constant force seatbelt simulation showed reductions in pelvis, chest, and head accelerations by 56, 62, and 63 per cent respectively. The peak lap belt force was reduced by 60 per cent. Relative head rotation was reduced by 16°.
INTRODUCTION
The analysis and experimentation of automobile collisions has been an ongoing area of research for over 40 years [7, 8] . A majority of the test data In 2003, there were over 2.8 million people injured is taken from NHTSA type occupant safety tests: and 32 000 killed in over 6.3 million motor vehicle 35 mile/h frontal collisions of passenger cars with rigid accidents in the US alone. The restraint system is barriers [9] . Simplified multibodied, two-dimensional intended to reduce the risk of these injuries and dynamic models of occupants in collisions are deaths, but use of a seatbelt alone only reduces frequently used to provide a better understanding the risk of injury by 45-50 per cent for front seat of the physics, dynamics, and interactions of the occupants [1] . Pretensioning and load-limiting devices occupant and restraint system [7, 10-12]. Miller have been introduced to remove slack and provide [13, 14] shows that reductions in injury can be relatively constant seatbelt forces under certain conachieved by tuning constant force load limiters to an ditions. While these devices are beneficial, most are occupant's anthropometry. Hesseling [9] and Crandall not adaptive to each crash and occupant characteret al. [15] show that a controllable and adaptive istics [2] . It is believed that an adaptive restraint restraint force could reduce injury. Crandall also system that provides constant forces chosen for each shows that a constant force seatbelt can be used to occupant, vehicle, and crash severity can greatly achieve a near-optimal chest response. Adomeit reduce injury [3] [4] [5] [6] . Therefore, the focus of this work et al. [3] suggest that an optimal restraint force would was on the possible benefits of truly constant force be one that utilizes all the available spacing between restraint systems.
the occupant and the vehicle to stop the occupant, of the two-dimensional occupant-collision model energies are used to derive the EOM. Also, through the use of generalized coordinates the number of using rigid bodies were derived using Lagrangian dynamics. The simulation modelled a 35 mile/h equations is reduced, which eliminates the need for including forces of constraint (joint forces) because frontal collision of a mid-size vehicle and was verified against data from the NHTSA. The viscoelastic seatthey do no work on the system. It was assumed that belt was modelled with a polynomial [7, 11] and the the restraint forces act in only the direction of motion constant force restraint was modelled as a function of the vehicle because of unknown seatbelt geometry of time that was to be controlled by a 'black box' and to simplify the EOM. Friction was ignored, giving actuator [9] . This assumption can be useful in conservative results, since the coefficient of friction creating an adaptive restraint that can provide a truly between the occupant and seat is unknown and will constant force rather than relying on conventional vary. All secondary collisions with the airbag, dashsystems including mechanical pretensioners and board and steering wheel, as well as seat interactions, load limiters. Improvements in occupant protection were ignored. The locations of the dashboard, steerwere inferred from reductions in belt load, occupant ing wheel, and air bag were tracked using the vehicle accelerations, and head rotation, and by elimination of interior collisions [5, 13]. provides a better understanding of the dynamics of Damper (N m s) 10 10 the system because the system's kinetic and potential
Fig. 1
Three-bodied occupant model restrained by a torso and lap belt, dimensioned as shown.
The figure on the right shows the geometry of the lap belt on the pelvis deceleration model and were used as a reference to The viscoelastic seatbelt was modelled mathematically as a function of both belt elongation and determine the maximum allowable excursion and whether a collision would occur [5] . The three-the rate of elongation. The function was split into two portions, the first during belt elongation and the bodied model used in this work is shown in Fig. 1 and Tables 1 to 3. The stiffening of the neck joint second during belt relaxation. During elongation, the chosen function was cubic in belt elongation and as over-rotation occurs is modelled by including a stiffening rotation limit (w−h)
Limit [11] . The stiffening linear in the rate of belt elongation. During relaxation, the chosen function was quadratic in belt elongation is assumed to occur when the relative head rotation exceeds 30°. The values shown are representative of only [7, 11]. The following equations show the seatbelt models of both lap and torso belts a 50th percentile male anthropometric test dummy
where (ATD). The EOM for the pelvis, torso, and head d Lap =x p −slack Lap respectively are given by the following equations [5] ḋ Lap
where d is the belt elongation and 'slack' denotes the −M 2 L T g sin(h)=−Q h (2) initial slack in the system. In the torso belt, the h 0 
Therefore it was assumed that the coefficients found
for the seatbelt model would account for some of those interactions that were not explicitly modelled. This could include belt slippage, chest/abdominal acceleration profile to smooth the scatter in the accelerometer data. compression, and yielding of vehicle components. The coefficients for the restraint model during belt relaxation were found by assuming continuity of the force-elongation curve and specific properties of
(8) the webbing. These properties were assumed to be a proportion k 1 =0.3 between the maximum belt elongation and the permanent belt elongation and a proportion k 2 =0.45 between the strain energy in the belt at maximum elongation and the amount of 3 RESULTS elastic strain energy that is recovered during belt relaxation. The constant force seatbelt was modelled
The simulation results showed that the collision model with a viscoelastic seatbelt is accurate and as a function of time that is constant with a linear ramp. The magnitude is chosen such that the correctly simulates the system dynamics, even in consideration of the simplicity of the model. The pelvis/thigh mass does not hit the dashboard and the torso mass does not hit the steering wheel. The results were found by comparing the simulation of the 50th percentile occupant model in a 35 mile/h constant force restraint (CFR) makes no assumptions about how the force is created or maintained, so frontal collision with a fixed/rigid barrier to the available test data from similar crash tests. The results the force can be prescribed simply as a function of time rather than finding some relation in the state
shown are for the model verified against a test of a 1998 Chevy Malibu. The vehicle deceleration model variables.
The vehicle deceleration was modelled with a con-was adjusted to the test data and values of k=1.2, t f =105 ms, and V 0 =15.728 m/s were found. The tinuous ẍ c (t)=A(t), which accurately portrays the characteristics of the vehicle during the crash when acceleration profile of the vehicle is shown in Fig. 5 (note that the data plotted does not contain every compared to the measured data. The parabolic model was derived such that it provides a change in data point from the test). The simulation results for the 1998 Chevy Malibu were obtained with the velocity of kV 0 in a time t f , after which time A(t) is assumed to be zero (the car is either stopped or seatbelt properties given in Tables 4 to 6 The peak value of the simulated viscoelastic torso belt force is 13286 N, while the data shows a peak value of 9192.0 N, a relative error of 44.5 per cent. The shape is similar during increasing load, until 50 ms into the crash when it is presumed that stitchtearing load limiting is occurring. In this vehicle, load limiting is achieved through tearing of stitches in the rise time T t were not directly included in the restraint model, resulting in highly conservative torso belt forces. This could be because the restraint model stretches and The benefits of a constant force restraint system yields in a continuous fashion, while in real life this were determined by comparing the body accelerations occurs discretely. The continuous model was used for and seatbelt forces between the simulations of the two simplicity and because the conservative belt forces restraint models. This paper emphasizes the benefits did not appear to result in large deviations in the of CFR systems, and additional work is needed to accelerations, possibly because while the simulated apply this work to adaptive restraint systems where torso belt force is overestimated, it is accounting for the constant force is determined per occupant, restraint that would be offered by the air bag. The vehicle, and collision. The viscoelastic and constant CFR model for the torso belt shows a magnitude of force models can be used in future studies involving 4200 N. The torso CFR shows reductions of 68.4 per controlled and adaptive restraint systems [5] .
cent over the viscoelastic model and 54.3 per cent The results for the lap and torso seatbelt forces are over the test data. Therefore it is assumed that there given in Figs 7 and 8 respectively. The dashed line is at least a 50 per cent improvement to the torso denotes the results for the constant force restraint restraint force. and the solid line denotes the results for the visco-
The results for the pelvis acceleration are shown elastic restraint. The open circles denote the correin Fig. 9 . The general shape of the curve is accurate; sponding measured data for the crash test. The the magnitude of the chest acceleration in the viscoresults for the viscoelastic model of the lap belt are elastic model is 45.12 G and the data shows a peak conservative, where higher belt forces are predicted. of 42.4 G, a relative error of 6.5 per cent. The CFR The peak viscoelastic force is 9626.1 N, while the data shows a peak at 9220.5 N, a relative error of 4.4 per simulation shows that by using truly constant force restraints, the maximum pelvis acceleration has continuities in the constant force profiles for the torso and lap belts. Piecewise continuity in the con-been reduced to 19.18 G, a reduction of 57.6 per cent. In addition to a large improvement in the peak stant force profile will remove the discontinuities and yield smoother results. This could be accomplished acceleration, the general shape is greatly improved. The resulting acceleration with the CFR is relatively by giving the CFR profile in Fig. 6 a trapezoidal shape rather than a step shape at termination. For this flat for most of the duration of the crash, with slight positive concavity. The only negative aspects of these reason, the effects of the discontinuities will be for the most part ignored since later simulations could results are the discontinuities in acceleration. The largest discontinuity is roughly 24 G in magnitude, be corrected to reduce their effect.
The results for the chest acceleration are shown in but is not critical because the pelvis is less prone to injury due to large changes in acceleration than the Fig. 10 . The chest acceleration for the viscoelastic model matches the data well for both shape and head and neck. Mathematically, the discontinuities in the accelerations result directly from the dis-magnitude. The magnitude for the viscoelastic The results for the head acceleration are shown in head acceleration dislocates and increases to 23.5 G for approximately 15 ms. The dislocation could Fig. 11 . The head acceleration for the viscoelastic model matches the test data well in magnitude and potentially be harmful to the head and neck, although it should be possible to alter the shape shape. The general response of the head acceleration for both restraint models differs from those of the of the CFR profile to reduce the effect of head jerk while still providing large reductions in the head pelvis and chest because it is free to respond and is
Fig. 11 Head A(t) comparisons between viscoelastic and constant force seatbelt models, as
compared to data of a 1998 Chevy Malibu acceleration. The CFR results in a 62.8 per cent from the test data by only 17, but the HIC 36 value reduction of head acceleration, even when condiffers by nearly 150. The difference is most likely sidering the spike of 23.5 G. A reduction in the head due to the lack of an airbag model. Previously it was acceleration of this magnitude suggests that this type assumed that the seatbelt model accounts for some of adaptive restraint could greatly reduce the risk of of this, as shown in Fig. 8 , but this cannot model the head injury and head injury criterion (HIC). HIC is benefit of the airbag support directly to the head. calculated as Another explanation may be that while the head accelerations appear to match well, the differences are magnified by the HIC equation. Including the HIC
airbag model in future studies will provide a more accurate shape for the head acceleration, and therewhere a H is the measured resultant head acceleration fore should better predict the HIC values. The most in Gs at the head centre of gravity [17] . The HIC value interesting result here is the demonstration of the is determined for t 1 −t 2 of both 15 and 36 ms. benefit of the constant force seatbelt. The values for It is clear in comparing the shapes of the head HIC are an order of magnitude less than those using accelerations resulting from two seatbelt models in the viscoelastic seatbelt model. While in practice it Fig. 11 that there is a large difference in the area would not be expected to see HIC values that low, under each curve, which infers large HIC reductions, the crucial point is the extent to which they are as seen in equation (9). of 700 [18] . The values obtained for the viscodefine the motion of the hip, shoulder, and head/ elastic model are higher than those for the actual test neck centre of gravity. Figure 12 illustrates the motion data. The HIC 15 value for the viscoelastic case differs under the viscoelastic seatbelt model. This motion appears to match observed motion during 35 mile/h of the body under the CFR model. Note that the is 55.14°. The shape and magnitude are similar to data published of expected head rotations for the occupant excursion is increased substantially, as expected. It was assumed that the constant force human body [20] . The maximum rotation for the CFR model is 38.9°, a 29.5 per cent reduction. One restraints would increase excursion and make more use of the available space in the compartment. The conclusive benefit of the CFR system is that it reduces peak relative head rotation; it also broadens relative motion of the head is improved as well, with a dip in the motion of the head as the occupant nears the amount of time the rotation occurs. In the viscoelastic restraint model, the head remains fixed relative maximum excursion, which is likely to be caused by the discontinuity in the constant force seatbelt to the torso until about 40 ms, at which time the head begins to rotate forward at a high rate. In the model. Figure 14 illustrates the global motion of the body. CFR model the head rotation begins to increase noticeably at about 10 ms and at a much more The lines illustrating the motion of the occupant denote motion of the centre-line and do not account gradual rate. The large reduction of relative rotation into the region of hyperflexion, as shown in Fig. 15 , for chest depth. One benefit of the CFR model is that rebound of the occupant after maximum excursion should also help to reduce injury. is limited, as shown in Fig. 14, where the knee and chest approach but do not cross the lines denoting the dashboard and airbag. The magnitudes of the 4 CONCLUSIONS forces for the CFR were found such that internal collisions were prevented and the rebound rates of
The simulation considering a viscoelastic restraint can reproduce test data from certain vehicles with the vehicle and occupant matched on a global level. Large rebound rates could result in neck injuries, and acceptable accuracy. Good correlation was seen between the pelvis, chest, and head accelerations and suggests that the applied restraint force was more than required and could therefore be reduced.
satisfactory correlation was seen between the lap and torso belt forces. A controlled constant restraint force The relative rotation of the head about the torso is given in Fig. 15 for both restraint models. The profile was defined that closely relates to modern load limiting and pretensioning technology but does maximum rotation for the viscoelastic restraint model 
